Introduction {#S0001}
============

Stroke -- one of the leading causes of death globally -- is characterized by high morbidity, high disability and a high mortality rate.[@CIT0001] Ischemic stroke accounts for \~85% of all strokes and exerts a profoundly negative impact on both patients and society.[@CIT0002],[@CIT0003] However, tissue plasminogen activator is so far the only approved therapeutic drug in clinical use for ischemic stroke.[@CIT0004] Despite encouraging results emerging from preclinical tests, none of the alternative candidates evaluated has resulted in consistent clinical improvements.[@CIT0005]--[@CIT0007] Multiple mechanisms are involved in the ischemic process that ultimately leads to neuron death, including mitochondrial dysfunction, apoptosis, inflammation, oxidative stress, and excitotoxity[@CIT0008]--[@CIT0010] Drugs that work on multiple deleterious pathways are more likely to be efficacious clinically.

Ginaton, also known as "extract of Ginkgo biloba" (EGB), is derived from the leaves of *Ginkgo biloba*, which is widely used for the treatment of acute ischemic stroke in China and shows excellent clinical effects in many cases.[@CIT0011]--[@CIT0013] It is also approved in Germany for the treatment of cerebral insufficiency.[@CIT0014] EGB contains terpenoids, flavonoids, alkylphenols, polyprenols, and organic acids.[@CIT0015] The main active constituents in EGB are ﬂavonoid glycosides (flavonoid fraction, 22--24%), primarily composed of quercetin, kaempferol, and isorhamnetin, which have demonstrated efficacy against hydroxyl radicals.[@CIT0016],[@CIT0017] Rat studies showed that terpenoids rapidly reached maximum plasma concentrations. Ginkgolide A and B and biobalide are detectable in the plasma of humans and animals shortly after oral application of EGB.[@CIT0018] Further studies showed that EGB exhibits pleiotropic biological activities -- such as anti-apoptotic, anti-oxidative, anti-Ca^2+^-overload, anti-inflammatory, and anti-glutamate toxicity -- and improves damaged neuronal energy metabolism activities.[@CIT0019]--[@CIT0021] Further, there is substantial evidence to indicate that EGB exerts neuroprotective effects, including reducing ischemic brain damage, delaying hippocampal neuronal death and apoptosis, ameliorating cognitive deficits and emotional disorders, and promoting motor function after ischemic stroke.[@CIT0022]--[@CIT0024] But all these effects were observed in studies involving pre-treatment or post-treatment (up to 4 h after ischemia) with EGB. Whether EGB could exert a protective effect over longer therapeutic time periods remains unknown

In the present study, we evaluated the neuroprotective eﬀects of Ginaton in rats modeled by middle cerebral artery occlusion (MCAO) 24 h after ischemia and further revealed the underlying molecular mechanism of Ginaton treatment on ischemia reperfusion.

Materials and methods {#S0002}
=====================

Animals {#S0002-S2001}
-------

Adult male Sprague-Dawley rats weighing 260--280 g were purchased from the Academy of Military Medical Sciences (Beijing, China). The animal study was conducted in accordance with the Guide for Care and Use of Laboratory Animals as adopted and promulgated by the US National Institutes of Health. All experimental protocols were approved by the Animal Care and Use Committee of Lanzhou University. All rats were housed in a temperature-controlled environment with a 12 h light/dark cycle and *ad libitum* access to feed and water, in which they were acclimated for 1 week before surgery.

Middle cerebral artery occlusion model {#S0002-S2002}
--------------------------------------

After a 12-h fast, the middle cerebral artery occlusion (MCAO) surgery was conducted in rats as previously described, with some modifications.[@CIT0025] All rats were anesthetized with 1% pentobarbital sodium (50 mg/kg) by intraperitoneal injection and the right common carotid artery was carefully isolated. Then a silicone-coated nylon monofilament was inserted from the external carotid artery stump into the internal carotid artery. Two hours later, the suture was withdrawn to recover blood circulation. The rats in the sham group underwent the same surgery without ligating the arteries. After surgery, rats were randomly divided into three groups (*n*=10 each): the sham group, the model group and the Ginaton (50 mg/kg) group. Ginaton injection solution was purchased from Chi Sheng Chemical Corporation (Taiwan, China). The rats in the sham and model groups received equivalent volumes of saline. Saline and Ginaton were injected intraperitoneally from the start of reperfusion once a day for 14 days until the rats were sacrificed.

Neurological function assessment {#S0002-S2003}
--------------------------------

For all animals, the neurological function assessment was performed 1, 7 and 14 days after MCAO by an investigator who was blinded to the experimental design. Neurological deficits were evaluated as described previously,[@CIT0026] which included a set of modified Neurological Severity Scores (NSS) involving a series of motor, sensory, reflex, and balance tests.[@CIT0027] In the test, neurological function was graded from 0 to 18 (normal score, 0; maximal deficit score, 18).

Beam walking test {#S0002-S2004}
-----------------

The beam walking test was carried out 14 days after MCAO, as reported previously, with some modifications.[@CIT0028] The task involved training rats to walk across a narrow wooden beam (4 cm wide and 105 cm long), which was placed 80 cm above the ground. The first 20 cm on the beam was taken as the starting area, and a horizontal line was drawn at a distance of 20 cm from the staring zone. Each rat was placed at the starting zone and a stopwatch started immediately upon release of the animal. Total times taken to move across the beam were recorded. All rats were pretrained three times a day for 2 days before the test. The maximal time allowed for the task was 2 min.

Tissue preparations {#S0002-S2005}
-------------------

After behavioral tests, three rats in each group were sacrificed and the brain of each rat was rapidly removed. Each section of brain was quenched in liquid nitrogen and stored at −80 °C in preparation for Western blot analysis. The other rats in each group were anesthetized with 1% pentobarbital sodium (50 mg/kg) intraperitoneally and perfused firstly with 0.1 mol/L PBS, then 4% paraformaldehyde (pH 7.4) through the left ventricle. The whole brains were removed and postfixed in 4% paraformaldehyde solution at 4 °C for at least 48 h, then gradually equilibrated in 0.1 mol/L PBS containing 15%, 20% and 30% sucrose at 4 °C, respectively. Coronal sections were cut using a cryostat. Sections for hematoxylin-eosin (HE) staining were cut into 10 μm-thick sections and chosen from five segments;, each section was 2 mm apart from frontal to occipital pole. Additionally, 35-μm sections were cut for immunohistochemical analysis.

Infarct volume assessment {#S0002-S2006}
-------------------------

One section from each segment mentioned above was stained with HE to measure the infarct volume.[@CIT0029] The sections were photographed using a digital camera and analyzed using Image-Pro Plus 6.0. The infarct volumes of the lesion structures were expressed as a percentage of the volume of the structures in the control hemispheres by using the formula \[(V~C~-V~L~)/V~C~\] ×100%, where V~C~ is the volume of control hemisphere and V~L~ is the volume of non-infarcted tissue in the lesion hemisphere.[@CIT0030] The total infarct volume of each brain was calculated as the sum of the infarct volumes of the five brain slides.

Immunohistochemical analysis {#S0002-S2007}
----------------------------

The slices were pretreated with 3% H~2~O~2~ solution to reduce endogenous peroxide activity for 10 min at room temperature away from light. After washing three times in PBST, all slices were blocked in 10% bovine serum for 1 h and then incubated with mouse anti-NeuN antibody (Merk Millipore, Germany) at 4 °C overnight. The primary antibody was then removed, washing the slices in PBS another three times, then incubated with HRP-goat anti-mouse secondary antibody according to the manufacturer's instructions (Beijing Zhong Shan Biotechnology Co., Beijing, China). DAB substrate kits (Beijing Zhong Shan Biotechnology Co., Beijing, China) were used to develop color. Images were captured at objective magnification 20× using an Olympus microscope (Olympus Corporation, Japan). The number of NeuN positive cells were counted using Image-Pro Plus software by a blinded investigator. In each slice, three fields evenly distributed throughout the areas of interest were analyzed.

Western blotting {#S0002-S2008}
----------------

The total proteins were extracted from the ischemic cortex in rats. The protein concentration was measured using the Enhanced BCA Protein Assay Kit according to manufacturer's instructions (Beyotime Institute of Biotechnology, Shanghai, China). Proteins of each group were separated by sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis and transferred onto polyvinylidene fluoride (PVDF) membrane. The membranes were blocked in 5% non-fat milk for 1 h at room temperature and then incubated with primary antibodies overnight at 4 °C. The primary antibodies used in the study were listed as follows: rabbit anti-Beclin1, rabbit anti-LC3, rabbit anti-AMPK, rabbit anti-mTOR, rabbit anti-ULK1, mouse anti-Parkin, rabbit anti-DRP1, rabbit anti-Bcl-2, rabbit anti-Bax antibody (Cell Signaling Technology, MA, USA), rabbit anti-OPA1 antibody (Abcam, Cambridge, UK), and mouse anti-β-actin antibody (Applygen, Beijing, China). On the second day, the membranes were washed three times in TBST and then incubated with secondary antibody which conjugated to horseradish peroxidase for 1 h. Immunoblot was visualized with enhanced chemiluminescence and analyzed with GelPro software. β-actin served as a loading control.

Statistical analysis {#S0002-S2009}
--------------------

All data were analyzed by one-way analysis of variance (ANOVA) using SPSS 17.0 software. Multiple-comparison *post hoc* tests between groups were performed with the least-significant difference test. Data were presented as mean ± standard error of mean (SEM), and differences between groups were considered significant at *P*\<0.05.

Results {#S0003}
=======

Ginaton improved neurological functional recovery, promoted motor function, and reduced the infarct volume after cerebral ischemia reperfusion in MCAO rats {#S0003-S2001}
-----------------------------------------------------------------------------------------------------------------------------------------------------------

Firstly, we evaluated the neuroprotective effect of Ginaton in MCAO rats with Ginaton administered intraperitoneally at 24 h after cerebral ischemia reperfusion. Results of mNSS test showed that the neurological deficit scores of MCAO rats were significantly higher than sham group consistently. Treatment with Ginaton did not change the deficit at 1 day and 7 days after reperfusion, whereas the scores were significantly reduced by Ginaton treatment at 14 days after reperfusion ([Figure 1A](#F0001){ref-type="fig"}). Additionally, in the beam walking test, rats treated with Ginaton for 14 days expended shorter time (3.94 ± 0.83 s) to walk across the whole beam compared with the model group (12.04 ± 2.45 s) ([Figure 1B](#F0001){ref-type="fig"}), implying better locomotion and motor coordination capacity. Along with the functional improvement, post-treatment with Ginaton significantly decreased infarct volumes from 46.85 ± 6.50% to 33.13 ± 2.14%, as shown in [Figure 1C](#F0001){ref-type="fig"} and [D](#F0001){ref-type="fig"}. The results demonstrated that post-treatment with Ginaton at 24 h after reperfusion exerted a neuroprotective effect in MCAO rats, suggesting a high potential value for clinical applications.Figure 1Ginaton promoted the recovery of neurological function and reduced infarct volume after cerebral ischemia reperfusion in MCAO rats.**Notes:** (**A**) mNSS scores of each group at 1 d, 7 d and 14 d after cerebral ischemia reperfusion; (**B**) time to walk across the whole beam in the beam-walking test; (**C**) representative images of infarct volume were shown by HE staining at 14 days after reperfusion; (**D**) quantitative evaluation of infarct volumes ratio in each group. Data were expressed as mean ± SEM. *\*\*\*P*\<0.001 vs Sham group; *^\#^P*\<0.05, ^\#\#\#^*P*\<0.001 vs Model group; n=8--10.**Abbreviations:** MCAO, middle cerebral artery occlusion; mNSS, modified neurological severity scores; HE, hematoxylin-eosin; SEM, standard error of mean.

Ginaton reduced the loss of neurons in ischemic cortex penumbra after MCAO in rats {#S0003-S2002}
----------------------------------------------------------------------------------

We further observed obvious loss of neurons labeled by NeuN in ischemic cortex penumbra using immunohistochemical analysis. As shown in [Figure 2A](#F0002){ref-type="fig"}, the number of NeuN was obviously decreased in ischemic cortex of MCAO rats, while Ginaton treatment noticably prevented this change and increased the number of neurons at 14 days after reperfusion ([Figure 2A](#F0002){ref-type="fig"} and [C](#F0002){ref-type="fig"}), hence protecting the brain against ischemic damage. In the contralateral ischemic brain, there were no differences in number of neurons between all groups ([Figure 2 A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}).Figure 2Ginaton reduced loss of NeuN-positive neurons in ischemic cortex penumbra after MCAO in rats.**Notes:** (**A**) Representative immunohistochemical images of NeuN labeling in ischemic cortex penumbra and contralateral cortex in MCAO rats (magnification 200×, scale bar 50 μm); (**B**) quantification of NeuN-positive cells in contralateral cortex in different groups; (**C**) quantification of NeuN-positive cells in ischemic cortex in different groups. Data were expressed as mean ± SEM. *\*P*\<0.05 vs Sham group; *^\#^P*\<0.05 vs Model group; n=3.**Abbreviations:** MCAO, middle cerebral artery occlusion; SEM, standard error of mean.

Ginaton induced autophagy via activating AMPK pathway in ischemic cortex of MCAO rats {#S0003-S2003}
-------------------------------------------------------------------------------------

There is increasing evidence to suggest that activation of autophagy in ischemic brain may contribute to neuroprotection.[@CIT0031] To investigate whether autophagic processes are involved in Ginaton-mediated protection, we examined the expression of Beclin1 and LC3-II -- both recognized as important molecular markers of autophagy that are responsible for formation of autophagosome.[@CIT0032]--[@CIT0034] Western blot results showed that a significant decrement in Beclin1 and LC3-II formation took place in the ischemic cortex at 14 days after reperfusion, indicating inhibitory autophagy induced by ischemic reperfusion; while Ginaton increased the expression of Beclin1 and LC3-II, activating the autophagy process ([Figure 3A](#F0003){ref-type="fig"}). In addition, we found that Ginaton elevated the expression of proteins including phosphorylation of AMP-activated protein kinase (p-AMPK), mammalian target of rapamycin (mTOR), and unc-51-like kinase 1 (ULK1), which play vital roles in autophagy signaling pathway,[@CIT0035],[@CIT0036] as shown in [Figure 3B](#F0003){ref-type="fig"}. The results suggested that Ginaton induced autophagy by activating the AMPK pathway in ischemic cortex of MCAO rats.Figure 3Ginaton induced autophagy via AMPK pathway in ischemic cortex of MCAO rats.**Notes:** (**A**) Representative images and relative band intensity ratio of Beclin1 and LC3; (**B**) representative images and relative band intensity ratio of *p*-AMPKα, AMPKα, mTOR, and ULK1. The intensity of each band was normalized to that of β-actin. Data were expressed as mean ± SEM. *\*P*\<0.05, *\*\*P*\<0.01, *\*\*\*P*\<0.001 vs Sham group; *^\#^P*\<0.05, ^\#\#^*P*\<0.01 ^\#\#\#^*P*\<0.001 vs Model group; n=3.**Abbreviations:** AMPK, adenosine 5'-monophosphate (AMP)-activated protein kinase; MCAO, middle cerebral artery occlusion; LC3, light chain 3; mTOR, mammalian target of rapamycin; ULK1, unc-51-like kinase 1; SEM, standard error of mean.

Ginaton maintained mitophagy and mitochondrial dynamics in ischemic cortex of MCAO rats {#S0003-S2004}
---------------------------------------------------------------------------------------

A strong association between autophagy and mitochondrial function has been hypothesized.[@CIT0037] Autophagy regulates mitochondrial turnover, and mitochondrial dysfunction can also influence autophagic activities.[@CIT0038] Since Ginaton induced autophagy in MCAO rats, we further investigated the effect of Ginaton on mitochondrial function, including mitophagy and mitochondrial dynamics. At 14 days after reperfusion, ischemia resulted in decreased expression of Parkin ([Figure 4A](#F0004){ref-type="fig"} and [B](#F0004){ref-type="fig"}), dynamin-related protein 1 (DRP1) ([Figure 4A](#F0004){ref-type="fig"} and [C](#F0004){ref-type="fig"}), and optic atrophy 1 (OPA1) ([Figure 4A](#F0004){ref-type="fig"} and [D](#F0004){ref-type="fig"}) in ischemic cortex, which play key roles in mitophagy, mitochondrial fission and fusion, respectively.[@CIT0039]--[@CIT0041] But the decrement effects were significantly attenuated by Ginaton treatment ([Figure 4](#F0004){ref-type="fig"}).Figure 4Ginaton maintained mitophagy and mitochondrial dynamics in ischemic cortex of MCAO rats.**Notes:** (**A**) Representative images of immunoblots of Parkin, DRP1, OPA1 and β-actin; (**B**) relative band intensity ratio of Parkin/β-actin; (**C**) relative band intensity ratio of DRP1/β-actin; (**D**) relative band intensity ratio of OPA1/β-actin. The intensity of each band was normalized to that of β-actin. Data were expressed as mean ± SEM. *\*\*P*\<0.01, \**\*\*P*\<0.001 vs Sham group; *^\#^P*\<0.05, ^\#\#\#^*P*\<0.001 vs Model group; n=3.**Abbreviations:** MCAO, middle cerebral artery occlusion; DRP1, dynamin-related protein 1; OPA1, optic atrophy 1; SEM, standard error of mean.

Ginaton inhibited apoptosis in ischemic cortex induced by MCAO in rats {#S0003-S2005}
----------------------------------------------------------------------

Disturbance in autophagy and mitochondrial dysfunction both result in apoptosis of neurons, which is one of the major pathways driving neuronal cell death after ischemia.[@CIT0042],[@CIT0043] To clarify the anti-apoptotic effect of Ginaton, we detected the expression of apoptotic proteins-Bcl-2 and Bax in ischemic cortex. Our data showed that the Bcl-2 was downregulated and Bax was upregulated, hence the ratio of Bcl-2/Bax dropped significantly after MCAO reperfusion. Though Ginaton did not change the decline of Bcl-2 ([Figure 5A](#F0005){ref-type="fig"} and [B](#F0005){ref-type="fig"}), it noticeably inhibited the level of Bax ([Figure 5A](#F0005){ref-type="fig"} and [C](#F0005){ref-type="fig"}) and elevated the ratio of Bcl-2/Bax ([Figure 5A](#F0005){ref-type="fig"} and [D](#F0005){ref-type="fig"}), indicating the anti-apoptotic effects of Ginaton in MCAO reperfusion injury.Figure 5Ginaton inhibited apoptosis in ischemic cortex induced by MCAO in rats.**Notes:** (**A**) Representative images of immunoblots of Bcl-2, Bax, and β-actin; (**B**) relative band intensity ratio of Bcl-2/β-actin; (**C**) relative band intensity ratio of Bax/β-actin; (**D**) relative band intensity ratio of Bcl-2/Bax. The intensity of each band was normalized to that of β-actin. Data were expressed as mean ± SEM. *\*P*\<0.05, *\*\*P*\<0.01 vs Sham group *^\#^P*\<0.05, ^\#\#\#^*P*\<0.001 vs Model group; n=3.**Abbreviations:** MCAO, middle cerebral artery occlusion; SEM, standard error of mean.

Discussion {#S0004}
==========

Many studies have reported that EGB has a significant neuroprotective effect on the experimental models of stroke in animals.[@CIT0019],[@CIT0022] Yin and colleagues reviewed the studies of EGB systematically. Though analysis of the route of EGB administration affected the variability of the effect size, they suggested that immediate treatment with EGB after ischemia yielded a lower effect size than did treatment at other time points.[@CIT0019] Combination with the actual situation in stroke treatment that many patients arrive in hospital several hours after their stroke onset, we evaluated the potential protective effect of Ginaton administered 24 h after MCAO. Results showed that, even when administered 24 h after MCAO reperfusion, Ginaton exhibited strong neuroprotective effects: promoting an improvement in neurological function, accelerating the recovery of motor function, and reducing infarct size at day 14 after MCAO reperfusion. Moreover, Ginaton also alleviated the loss of neurons in ischemic cortex penumbra, while having no influence on the contralateral of ischemic brain, indicating its restorative effects on neurons. This wide therapeutic time window makes Ginaton an attractive drug for use in patients who cannot receive immediate treatment.

Previous studies have found that EGB could induce autophagy in Lewis lung cancer,[@CIT0044] since the disturbances in autophagy may play an important role in pathogenesis of ischemic brain injury; and many studies have shown that autophagy can protect cells from death by apoptosis.[@CIT0045],[@CIT0046] We evaluated whether autophagy was involved in the effect of Ginaton. Data illustrated that Ginaton significantly induced autophagy in ischemic cortex via reactivating the AMPK/mTOR/ULK1 signaling pathway, the key molecular pathways that regulate autophagy, in which AMPK negatively regulates mTOR, leading to ULK1--AMPK interaction to stimulate autophagy.[@CIT0047]

Autophagy occurs in mitochondria to selectively remove the damaged mitochondria called mitophagy. As mentioned above, changes in autophagy also influence the mitochondria function. Once disrupted, damaged mitochondria would accumulate in cellular and lead to releasing kinds of mitochondrial protein from mitochondrial matrix to cytoplasm, which turning the neurons to apoptosis process. Neurons in the central nervous system are more sensitive to mitochondrial dysfunction. Dynamic mitochondrial changes in their shape and populations are crucial for normal cellular energy homeostasis.

Studies have suggested that Parkin, a ubiquitin ligase that mediates mitophagy, DRP1 and OPA1, the modulators promoting mitochondrial fission and fusion, are all critical molecules to maintain the integrity of the mitochondrial network.[@CIT0048] In our study, cerebral ischemia reperfusion injury caused decline of Parkin, DRP1, and OPA1 in ischemic cortex at 14 days after MCAO, while these effects were all reversed in the Ginaton treatment group. Further, we also found that Ginaton significantly increased the ratio of Bcl-2/Bax, which was important to apoptosis,[@CIT0049] indicating the anti-apoptotic ability of Ginaton. Taken together, these findings support the modulating role of Ginaton on autophagy, mitochondrial function and apoptosis in the ischemic brain.

Conclusion {#S0005}
==========

In conclusion, the present study firstly demonstrated the neuroprotective effect of Ginaton on ischemic stroke with Ginaton initial administered 24 h after MCAO, which showed a wide therapeutic time window. The effect of Ginaton was partially due to the induction of autophagy via activating the AMPK pathway, maintaining themitochondrial homeostasis, and inhibiting apoptosis. The wide therapeutic time window and multiple effects of Ginaton make it potentially useful in clinical practice.
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